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Sequence contextDistinct amino acid sequences have been described to mediate oligomerization of transmembrane
a-helices. However, as the sequence context is crucial to determine speciﬁcity in transmembrane
helix–helix interaction, the question arises how small a sequence can be without losing speciﬁcity.
In the present analysis, six amino acids have been identiﬁed in the PsbF transmembrane helix dimer,
which form the contact region of two interacting helices and are directly involved in helix–helix
interactions. However, individual amino acids within the complex sequence pattern only together
ensure sequence speciﬁcity of the analyzed transmembrane helix–helix interactions by mediating
close packing and inter-helical hydrogen bonding.
Structured summary of protein interactions:
psbF and psbF physically interact by lex-a dimerization assay (View Interaction: 1, 2, 3, 4, 5)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Speciﬁc interactions of individual amino acids and of amino
acid motifs guide proper folding and assembly of a-helical trans-
membrane (TM) proteins [1–4]. In recent years, deﬁned amino acid
sequences have been described to determine oligomerization of se-
lected TM helix. Besides the probably best characterized GxxxG-
motif and variations thereof, leucine zipper-type motifs as well
as motifs containing polar residues have been described to mediate
and stabilize TM helix–helix interactions [5–7]. Since two decades,
sequence-speciﬁc dimerization of the human glycophorin A (GpA)
TM helix is studied in great detail, as GpA forms a rather stable, se-
quence-speciﬁc TM helix dimer [8]. In several studies, the minimal
GpA dimerization motif has been identiﬁed, and dimerization is
driven by a seven amino acid motif LIxxGVxxGVxxT [9]. While
the two glycine residues in a distance of four (GxxxG-motif) appear
to be of special importance for dimerization and dimer stability [8–
10], all seven amino acids are directly involved in helix–helix inter-
actions and align at the contact surface. However, interactions of
the GpA TM helices are complex and not only modulated by the se-
quence context but also by the lipid and/or detergent environment
[2,11,12]. Since two decades, the sequence-speciﬁc dimerization of
the GpA TM helix is a prototype for analyzing stage two of the so-
called Two-Stage model, which divides folding of a-helical TM pro-teins in two subsequent steps, i.e. in initial integration of individual
TM helices into a membrane and subsequent interaction of individ-
ual TM helices [13]. While structural analyses of complex TM pro-
tein structures have revealed that many TM proteins are no simple
bundles of (more or less) ideal TM helices [14], the Two-Stage
model still meaningfully simpliﬁes TM protein folding in case of
several TM proteins, and especially interactions of proteins, which
span a lipid bilayer with only a single TM helix, is well described by
this model. Therefore, interactions of single-span TM proteins have
been analyzed in greater detail in the past, e.g. in case of the hu-
man integrin family or receptor tyrosine kinases [15–22]. Many
of these TM helices are rich in amino acids with small side-chains,
such as Gly, Ala or Ser, and many even contain GxxxG-like motifs
[23]. Nevertheless, while GxxxG-like motifs might mediate TM he-
lix dimerization, the sequence context appears to be crucial for
speciﬁcity [24]. Similarly, a single polar residue seems sufﬁcient
to allow stable interaction of TM helices [25,26], whereas such
interactions are probably rather unspeciﬁc and only interaction
motifs placed in a broader sequence context ensure speciﬁc and
predestinated interactions [27,28]. Thus, the question arises how
small a motif, which drives a sequence-speciﬁc oligomerization,
might be.
The TM cytochrome b559 is part of the large TM protein complex
photosystem II. In vivo, cytochrome b559 is formed by the two sin-
gle-span TM proteins PsbE and PsbF. In their TM region the two TM
helices sandwich one heme molecule, which is non-covalently
bound, resulting in formation of the holo-cytochrome [29].
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parts: a heme-binding domain and a dimerization domain [30]. As
the TM regions of PsbE and PsbF are well conserved, a cytochrome
b559-like structure (cytochrome b5590) can be formed in vitro solely
from the PsbF subunit, which forms a heme-binding TM helix di-
mer [31]. Dimerization and heme binding of cytochrome b5590
has already been analyzed to some extent and few amino acids
crucial for heme binding or dimerization have already been identi-
ﬁed [32–34]. A highly conserved glycine residue in the dimeriza-
tion domain has been shown to be crucial for dimerization and
holo-cytochrome formation [31]. Interestingly, the dimerization
domain contains only 11 amino acids, and thus the contact inter-
face is rather short. Besides the essential glycine residue, no other
residues crucially involved in dimerization have been identiﬁed
yet. Therefore, the question arises, how the sequence of the PsbF
dimerization domain allows formation of a stable PsbF dimer.
To address this question we have measured the dimerization
propensity of the PsbF TM helix after mutating every amino acid
of the dimerization domain. While we were able to identify ‘‘hot
spot’’ regions, i.e. amino acids having special importance, such as
Gly34, stabilization of the TM helix dimer is driven by complex
interactions of the amino acids, which directly face the adjacent
monomer in the dimer.2. Materials and methods
Plasmids coding for the psbF gene fused to the LexA DNA-bind-
ing domain and to the MalE domain were constructed as described
[31]. The GALLEX-assay was performed as described in detail re-
cently [35–37]. To introduce single and multiple point mutations
into the psbF gene, the Quickchange mutagenesis kit was used
according to the manufacturer’s instructions (Stratagene). To
determine the localization and the expression level of the chimeric
proteins, Escherichia coli membranes were extracted with 0.1 M
NaOH [35], and samples were analyzed by Western blot analyses
using an anti-LexA-antibody (Invitrogen). Solely proteins that are
membrane integral remain in the membrane after this treatment.
To verify the correct topology of the LexA–PsbF–MalE-fusion pro-
teins within the E. colimembrane, male-deﬁcient E. coli NT326 cells
[38] were transformed with the respective GALLEX plasmids and
cultivated on M9 minimal medium. NT326 cells lack the endoge-
nous malE gene and are only able to grow on M9 minimal medium
containing maltose as the only carbon source if the fusion protein
is correctly inserted into the membrane and the MalE domain lo-
cated within the periplasm [38]. MalE expression from the plasmid
pMal-c2 serves as a negative control, whereas periplasmic MalE
expression from pMal-p2 complements the malE deﬁciency of
NT326 cells.3. Results and discussion
3.1. Wild-type and mutated PsbF–MalE fusion proteins properly
integrate into the E. coli inner membrane
The propensity of the PsbF protein to form homo-oligomers
in vivo has been measured by utilizing the GALLEX-system, which
allows measuring TM helix–helix interactions within the E. coli in-
ner membrane. Homo-oligomerization of the PsbF protein results
in repression of the lacZ reporter gene activity, and the reduced le-
vel of the b-galactosidase reporter can be measured by a colorimet-
ric assay. In this assay, the PsbF wild-type (wt) and mutated
proteins are fused to the C-terminus of the E. coli LexA DNA-
binding domain and to the N-terminus of the MalE domain.
Dimerization of the TM region results in formation of a LexA
DNA-binding domain dimer, and only a dimeric LexA DNA-bindingdomain can repress the reporter gene activity. Thus, repression of
the reporter gene activity directly reﬂects the strength of a given
TM helix–helix interaction.
To analyze sequence constraints and the impact of the sequence
context on dimerization of the PsbF TM helix, we mutated individ-
ual as well as multiple amino acids of the PsbF dimerization do-
main and measured interaction propensities. However, to
properly compare individually measured interaction propensities,
proper membrane integration as well as the TM topology needed
to be established for each construct. The expression level of the
individual fusion proteins was tested by Western blot analyses
and is shown below each respective panel (Figs. 2 and 3). Further-
more, for each construct membrane integration has been tested by
alkali extraction of E. colimembranes. To assess the topology of the
expressed fusion proteins, the respective expression plasmids were
transformed into the male-deﬁcient E. coli strain NT326, and the
ability of the fusion proteins to complement the MalE deﬁciency
in NT326 was tested by plating the transformed cells on plates con-
taining maltose as the only hydrocarbon source (Fig. 1A). To ex-
clude deleterious effects associated with expression of the fusion
proteins, transformed cells were also grown on plates containing
glucose as a hydrocarbon source. As all analyzed strains grew well
on glucose-containing medium, deleterious effects associated with
protein expression can be excluded (Fig. 1B). While the non-trans-
formed NT326 cells are not able to grow on maltose medium, cells
transformed with the pMal-p2 plasmid, which expresses MalE into
the E. coli periplasm, are able to grow, as the plasmid borne MalE
expression complements the endogenous MalE deﬁciency. Conse-
quently, when MalE is expressed into the cytoplasm from the
pMal-c2 plasmid, cells are unable to grow on maltose minimal
medium. As can be seen in Fig. 1A, expression of all fusion proteins
analyzed in the present study support growth of the E. coli cells,
and thus the LexA-DNA-binding domain is located in the cyto-
plasm and the MalE fusion in the periplasm, as has been shown
for the wt PsbF–MalE fusion protein before [31].
3.2. Identiﬁcation of a minimized dimerization motif
To identify individual amino acids crucial for dimerization of
the PsbF TM helix, we mutated every amino acid of the dimeriza-
tion domain to leucine. For comparison, the well dimerizing PsbF
wt sequence together with the weakly dimerizing G34I PsbF mu-
tant have been analyzed [31]. As further controls, we measured
the dimerization propensity of the wt and G83I-mutated GpA TM
helix, which have a strong and weak dimerization propensity,
respectively. As can be seen in Fig. 2, especially the amino acid
Ser29 appears to be critical for PsbF dimerization besides Gly34.
Furthermore, Ala37 and Val30 and Ala35 seem of importance for
stabilization of the PsbF TM helix dimer. Noteworthy, the two
amino acids Gly34 and Ala38 might be considered to form a
GxxxG-like motif. However, based on the analysis of the single
point mutants, only Gly34 is crucial for helix dimerization,
whereas mutation of Ala38 to Leu does not signiﬁcantly inﬂuence
dimerization. Thus, analyzes of the single point mutants have
indicated that Ser29 and Gly34 are most important for PsbF dimer
formation and stabilization, followed by Val30, Ala35 and Ala37.
To analyze potential constraints deﬁned by the sequence con-
text in greater detail, we have replaced the PsbF dimerization do-
main within the PsbF sequence by a stretch of multiple Leu
residues, and only Gly34 together with Ser29 were retained. As
can be seen in Fig. 3A, the PsbF TM helix, containing the diminished
dimerization sequence, was highly destabilized when compared to
the PsbF wt sequence, which indicated that further amino acids are
needed to retain a full dimerization capacity. Therefore, we
sequentially included further amino acids of the wt sequence,
which have been identiﬁed before to be part of a dimerization
Fig. 1. malE complementation assay to test for LexA(PsbF)MalE orientation. E. coli NT326 cells were transformed with plasmids encoding the chimeric proteins and cultivated
on M9 minimal medium supplemented with glucose (A) or maltose (B). MalE expression from the plasmid pMal-c2 serves as a negative control, periplasmic MalE expression
from pMal-p2 complements for the malE deﬁciency of NT326 cells. (C) Position of the various analyzed TM sequences on the assay plates shown in (A) and (B).
Fig. 2. Homo-dimerization of wt PsbF and of single point mutants. (A) Sequence of
the complete, 44 amino acid long PsbF protein analyzed in the present study. The
TM region is underlined and the dimerization domain is boxed. (B) b-Galactosidase
activities of three independent GALLEX measurements are shown. GpA wt and GpA
G83I are used as internal controls to deﬁne a strong (wt) and a weak (G83I)
interaction propensity. Below Western blot analysis of total E. coli cells as well as of
cell extracts after NaOH extraction is shown. CE: whole cells; S: supernatant after
extraction; M: pellet after NaOH extraction (integral membrane proteins). All
chimeric proteins were expressed at similar levels, and all expressed proteins are
found exclusively in the membrane protein fraction.
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Addition of solely Ala37, whose mutation in the wt sequence re-
sulted in disturbed dimerization (Fig. 2), did not result in a largely
increased dimerization propensity, nor did subsequent addition of
Ala35 (Fig. 3A). Only when seven amino acids of the wt sequence
were present (SVFxxGAxAA), the dimerization propensity of the
PsbF TM helix was back to the level of the wt sequence.
Surprisingly, only after addition of Ala38 to the minimal dimer-
ization sequence (Fig. 3A) a wt-like interaction propensity was re-
gained, whereas a single A38L mutation did not dramatically affect
the dimerization propensity (Fig. 2). Thus, the question of the
importance of individual amino acid in the context of the identiﬁed
minimal dimerization motif arose. Therefore, we have mutated ﬁve
out of the seven crucial amino acids within the identiﬁed minimal
dimerization sequence to Leu, not including Ser29 and Gly34
(Fig. 3B). In this analysis, changes in each of the ﬁve amino acids
of the minimal sequence had some retarding effects on dimeriza-
tion, especially in case of Val30 and Ala38 (besides Ser29 and
Gly34). Together, we conclude that all amino acids of the sequence
SVFxxGAxAA are involved in PsbF dimer formation and stabiliza-
tion, and thus the minimal dimerization motif is composed of se-
ven amino acids placed in a sequence of 11 amino acids.
3.3. Six amino acids are involved in formation of an interacting surface
Except Ser29, all amino acids of the identiﬁed dimerization se-
quence align on one side of the PsbF TM helix and are directly in-
volved in monomer–monomer contacts (Fig. 4A). Analysis of the
modeled cytochrome b5590 structure suggests that the amino acids
form a surface with knobs and holes, and the surfaces of two inter-
acting helices perfectly complement each other and thereby form a
Fig. 3. Homo-dimerization of PsbF proteins containing a minimized dimerization
motif. (A) Homo-dimerization propensity of PsbF variants after successive addition
of individual amino acids crucial for dimerization. (B) Homo-dimerization of PsbF
proteins containing a minimized dimerization motif after substitution of individual
amino acids. b-Galactosidase activities of three independent measurements are
shown. The sequence of the analyzed dimerization domain is indicated. Below each
panel test for membrane insertion of the chimeric proteins in E. coli is shown (for
details see legend to Fig. 1).
Fig. 4. Structural model of cytochrome b5590 based on the cytochrome b559
structure. (A) The two PsbF helices are shown together with the surface of the
residues involved in TM helix–helix contacts. (B) Potential Ca hydrogen bonds
formed in between two interacting PsbF helices. For clarity, only a single hydrogen
bond formed between residues located on the two helices is shown. Thus, in total
six hydrogen bonds might form. The model was generated by replacing non-
conserved amino acids of the PsbE subunit by the respective PsbF amino acids in the
original cytochrome b559 structure (PsbE–PsbF hetero-dimer, from pdb-ﬁle 1S5L).
After energy minimization using the Swiss-PdbViewer [41], the resulting structural
model of the PsbF homo-dimer was analyzed.
M. Weber, D. Schneider / FEBS Letters 587 (2013) 1592–1596 1595tightly packed PsbF TM helix dimer. The identiﬁed motif is rich in
small amino acids, which might be crucial to realize close packing
of the two helices. At Gly34 the two interacting helices approach
each other most with a distance of the Ca atoms of only 4.7 Å.
Due to close packing, in at least three cases the predicted distance
between a Ca hydrogen and a carbonyl oxygen of two adjacent
PsbF helix backbones is less than 3 Å, which indicates hydrogen
bond formation (Fig. 4B). While the strength of such Ca hydrogen
bonds is relatively weak and has been determined to be in the or-
der of only 0.9 kcal/mol, the six predicted hydrogen bonds can to-
gether contribute signiﬁcantly toward stabilization of the PsbF TM
helix dimer [39]. Noteworthy, residues Val30, Phe31, Gly34 and
Ala35 are involved in this hydrogen bond network [40], which have
been identiﬁed in the present analysis to be crucial for TM helix
dimerization and stabilization. Thus, the six amino acids might en-
sure proper packing and thereby position the helices in a way thatthe hydrogen bonds can form between the two PsbF TM helices.
Only Ser29 is not directly involved in helix–helix contacts, but is
placed on the opposite surface of the helix. Thus, a direct involve-
ment of Ser29 in helix dimerization appears to be unlikely. Never-
theless, the Ser side-chain hydroxyl group appears to form a
hydrogen bond to a backbone carbonyl [30]. Thereby, a deﬁned
kink structure, introduced by Pro28, is stabilized. It appears rea-
sonable to assume that mutation of Ser29 alters the geometry of
the PsbF TM helix and this subsequently affects the stability of
the PsbF TM helix dimer. Thus, while in case of the well character-
ized GpA dimerization motifs, seven amino acids are involved in
helix–helix contacts, which are placed in a stretch of 13 amino
acids, in case of the PsbF TM helix dimer only six amino acids of
a nine amino acids sequence are directly involved in TM helix–
helix contacts.
4. Conclusion
Based on the presented results, all amino acids at the PsbF con-
tact interface appear to be involved in TM helix dimerization and
are crucial for dimer stability. Six of the identiﬁed seven amino
acids are directly involved in helix–helix contacts. While the PsbF
dimerization domain contains a GxxxA-motif, mutation of solely
Ala38 did not result in a signiﬁcant reduction of the PsbF dimeriza-
tion propensity, and an involvement of Ala38 in helix dimerization
is only apparent when the sequence context is considered. This
highlights that analysis of the interaction propensity of TM helices
carrying single point mutations might not allow to properly reveal
a predominant function of individual amino acids. Individual ami-
no acids within a complex sequence pattern only together deter-
mine sequence-speciﬁcity of TM helix–helix interactions, driven
by close packing and inter-helical hydrogen bonding.
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